model confirmed that a genomic interval on chromosome 11 in isolation confers the proliferation phenotype. To detect candidate genes we performed subtractive hybridizations and gene arrays using cDNA from highly enriched stem cells from parental strains. Intriguingly, a disproportionate number of differentially expressed genes mapped to chromosome 11 and, more specifically, these transcripts occurred in three distinct clusters. The largest cluster co-localized exactly with the cell cycling QTL. Such clustering suggested the involvement of genetic variation that affects higher order chromosomal organization. This hypothesis was reinforced by the fact that differentially expressed genes mapped to recombination "coldspots", as a consequence of which clustered genes are collectively inherited. These findings suggest the functional interdependence of these closely linked genes. Our data are consistent with the hypothesis that this isolated cell cycle QTL does not result from a mutation in a single gene, but rather is a consequence of variable expression of a collection of highly linked genes.
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INTRODUCTION
Lifelong replenishment of short-lived circulating blood cells is ensured by a relatively small population of lympho-hematopoietic stem-and progenitor cells residing in the bone marrow 1 . Mechanisms regulating proliferation of these primitive cells during steady state blood cell production are poorly understood. It has long been assumed that most hematopoietic stem cells are quiescent for prolonged periods of time and do not actively contribute to mature blood cell production [2] [3] [4] [5] . However, this concept has been challenged by in vivo bromodeoxyuridine labeling studies that indicated that in fact most, if not all, stem cells in the mouse will divide at least once during a period of 3-4 weeks, suggesting that all stem cells participate in steady state blood cell production [6] [7] [8] . In addition to a plethora of cell-extrinsically acting cytokines, such as the ligands for c-kit, flt3/flk2, and c-mpl, that have been demonstrated to affect kinetics of stem-and progenitor cells [9] [10] [11] , superimposed on such a growth factor network intrinsic genetic factors play an important role in this process as well. We have shown by analyzing various inbred strains of mice that the rate of progenitor cell cycling varies dramatically from strain to strain.
Intriguingly, we found that strains with rapidly cycling stem-and progenitor cells (e.g.
AKR/J, C3H, DBA) invariably had a shorter mean lifespan than strains with more slowly proliferating cells (B6, 129/J) 12, 13 . In order to assess whether these two traits were causally related, we have mapped quantitative trait loci (QTL) that were associated with variation in cell cycling in a panel of BXD recombinant inbred mice and compared these with loci associated with mean lifespan 14 . Indeed two loci, occurring on chromosome 7
and 11 respectively, showed suggestive linkage with both traits 15 .
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The heritable component of quantitative traits, such as variation in cell cycling, is thought to result from the additive and epistatic interactions of multiple genetic loci. The ensuing non-Mendelian segregation pattern has significantly hampered the identification of individual genes associated with quantitative traits 16, 17 . Strategies such as the production of congenic or consomic strains, carrying only the QTL or chromosome of interest, have been proposed to circumvent this problem [18] [19] [20] . In the present study we followed this approach, and by employing a variety of complementary genetic and genomic approaches we have searched for molecular pathways affecting hematopoietic progenitor cell proliferation.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From 8 to 12 weeks old female recombinant inbred BXD-33, 34, 35, 38, 39, 40 and 42/TyJ were purchased from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 (B6), DBA/2 (DBA) and B6D2F1 (BDF1) mice were all from Harlan (Harlan Nederland BV, Horst, the Netherlands).
MATERIALS AND METHODS

Mice:
Generation of backcross animals and the use of a marker-assisted selection protocol to produce congenic mice. To produce N2 backcross animals, male BDF1 mice were crossed with female B6 mice at the Central Animal Facility of the University of Groningen. To generate congenic mice we used a marker-assisted selection protocol 18 , and selected male carriers of DBA alleles at the region of interest on chromosome 11 that otherwise showed the lowest frequency of DBA alleles throughout the genome, using 57 progenitor assay bone marrow cells were incubated with or without the S-phase specific cytotoxic drug hydroxyurea (200 µg/ml, Sigma) for 1 hr. Cells were washed twice and CFU-GM assays were subsequently performed using standard procedures. Cultures were evaluated after 7 days. The fraction of progenitors that was killed by hydroxyurea incubation was calculated and was considered to have been in the S-phase of the cell cycle. Cobblestone area forming cell (CAFC) assays to quantify progenitor and stem cell frequencies, were performed exactly as described previously 13 . Both assays were chosen for consistency and to allow comparison with our previously published data 12, 13, 15 . Linkage analysis: In this study we used three independent data sets. First, we phenotyped an additional set of 7 newly derived BXD strains 21 , and added these data to our database which includes information on 26 BXD strains that we have previously used We determined the probability of obtaining the observed likelihood ratio statistic (LRS)
Competitive
values by random chance using the permutation test. This test, which is implemented in MapManager QT software, was performed with 2000 permutations at 1 cM intervals (genome-wide for the BXD set, and restricted to chromosome 11 for the N2 and N6 backcross).
Stem cell purification. Hematopoietic stem cells were purified using flow cytometry (Superscript ll, Gibco BRL) and cDNA was amplified using the SMART PCR cDNA synthesis kit (Gibco BRL). Bi-directional subtractive hybridizations using B6 and DBA amplified stem cell cDNA as "tester" and "driver" reciprocally, were performed with the PCR-Select cDNA subtraction kit (Gibco BRL). All procedures were carried out according to the manufacturer's suggestions. Software (Research Genetics). After signal normalization, only spots for which the intensity of either B6 or DBA signal was 3-fold above background were considered. Both in B6 and DBA samples ~12% of the transcripts was found to be expressed in hematopoietic stem cells. We selected the 100 transcripts from both B6 and DBA that showed most pronounced differential hybridization intensities for further study.
Mapping of differentially expressed genes. We tried to determine the chromosomal localization of all (i.e. 440) non-redundant differentially expressed transcripts in silico, using a variety of publicly available databases (predominantly http://www.informatics.jax.org and http://www.ncbi.nlm.nih.gov/UniGene/). We were succesful in assigning the chromosomal location to 156 transcripts. Some transcripts were mapped by synteny to their map position in the human genome.
RT-PCR analysis. To independently confirm that transcripts were differentially expressed, we studied the expression pattern of a selected number of chromosome 11- 
RESULTS
Genetic mapping of cell proliferation loci
To map quantitative trait loci associated with variation in cell cycle we performed a genome-wide linkage analysis using cell cycling phenotypes (i.e. fraction of CFU-GM in S-phase) of 33 BXD recombinant inbred strains (analysis of 26 of these strains was previously reported 15 ). We found two markers, D7Mit178 and D11Mit131, that showed suggestive linkage (Table 1 ) and refer to these QTLs as Stem Cell Proliferation-1 and -2, respectively. For both loci the presence of DBA alleles was associated with higher cell proliferation rates. Figure 1A and B).
In contrast to homozygous BXD mice, heterozygous backcross animals provided no evidence for the involvement of Scp1, located on chromosome 7 (data not shown). The backcrossing strategy was continued to derive a congenic mouse strain in which the effect of Scp2 could be investigated in isolation. In N6 mice highly significant linkage was observed with an interval extending from 39 cM to 49 cM on chromosome 11, documenting the strength of this isolated locus (more than 99% of the genome of these animals is of B6 origin) ( Figure 1C ). Homozygous B6.DBA Scp2 congenic animals were produced which, as expected, showed a high fraction of cells in S-phase ( Figure 1D 
B6.DBA Scp2 stem cells are defective in long term repopulating ability.
In embryo-and radiation chimeras in which DBA and B6 stem cells co-exist, highly cycling DBA stem cells, although initially functioning appropriately, cease to contribute to the process of blood cell formation during aging [26] [27] [28] . It has been shown that DBA stem cells can be reactivated after secondary transplantation, demonstrating that DBA (Figure 3) . 
Asterisks indicate significant differences between the two treatment groups (p<0,05, T-test).
Clustering of candidate genes
By co-transplanting DBA and B6 stem cells into BDF1 recipients we have previously
shown that Scp2 acts cell-autonomously 28 . Therefore, to detect candidate genes for this locus we identified differentially expressed genes in highly enriched, (and consequently highly identical), Lin -Sca-1 + c-kit + stem cells isolated by flow cytometry from 10 pooled B6 and DBA bone marrow samples, using bidirectional subtractive hybridization and gene array analysis. After subtractive hybridization 240 B6 and DBA-derived cDNA fragments were cloned and identified by sequence analysis.
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We were able to assign the chromosomal localization to 156 transcripts. Interestingly, a disproportionate number of these differentially expresed transcripts was located on chromosome 11 ( Figure 4 ).
A total of 28 genes were shown to map to the averaged sized chromosome 11, which represents ~18% of all differentially expressed transcripts for which a chromosomal map position could be assigned ( Table 2 ). The observed excess of chromosome 11 genes is significantly different from expected random distribution (p<1 x 10 -4 ). In addition, these transcripts were not evenly distributed across chromosome 11 but occurred in three distinct clusters (Table 2, Figure 5 ) .
For Assuming a total genome size of ~1500 cM, the distance between the 156 differentially expressed transcript on average is expected to be 156/1500= ~10 cM. We considered transcripts to be clustered if multiple genes mapped to an interval < 10 cM.
The first cluster centered around 30 cM (6 transcripts were identified that map to this cluster). The largest cluster (containing 11 genes) extended from ~40 to ~50 cM, and coincided exactly with the Scp2 interval (compare Figure 1B and C) . The most telomeric cluster covered a region from ~60 to ~78 cM, and contained 9 transcripts.
To confirm the differential expression pattern of transcripts first identified by subtractive hybridization or array analysis, we performed RT-PCR experiments using cDNA obtained from B6, DBA, and B6.DBA Scp2 bone marrow or stem cells ( Figure 5 ).
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When we randomly checked expression of other genes that map closely to those identified by subtractive hybridization or array analysis, we were able to show distinct expression levels in a significant number of them as well (such as Epx and Stat5a). This indicates that the collection of variably expressed genes within the clusters can be extended.
Differentially expressed genes map to recombination coldspots
A more detailed analysis of the Scp2 cluster showed that differentially expressed transcripts mapped either to a region from 42 to 45 cM, or around 49 cM, whereas no transcripts were found from 45 to 48 cM (Table 2, Figure 5 ) Also, RT-PCR analysis of randomly selected genes known to map to the silent interval failed to reveal any expression differences (data not shown). Such clustering of differentially expressed genes suggested the involvement of genetic variation affecting higher order chromosomal organization. As most laboratory mice have been derived from a limited number of selected founders there is a number of shared haplotypes across the genome in B6 and DBA mice 30 . When we assessed the extent of shared haplotypes in the Scp2 interval (by comparing polymorphism at a series of microsatellite repeats), we found evidence of extensive polymorphism from 38 to 45 cM, and again from 47 to 52 cM, but the silent region from 45 to 47 cM in which we failed to detect differentially expressed genes turned out to be identical in both strains ( Figure 6 ). We made an interesting observation by assessing meiotic recombination frequencies in the Scp2 region using our own backcross panel and the existing BXD panel. In both datasets recombinations in the Scp2 cluster occurred preferentially in the silent region, in which the DBA and B6 genomes are highly homologous. In contrast, recombinations in the bordering regions were strongly suppressed ( Figure 6 ).
DISCUSSION
In this study we demonstrate convergence of a collection of differentially expressed stem cell genes with a locus that is strongly associated with variation in hematopoietic cell turnover between B6 and DBA mice. Differentially expressed transcripts mapped to a polymorphic genomic region that is characterized by suppressed recombination frequencies.
To exclude the possibility that clustering resulted from a preponderance of hematopoietic genes in these regions, we randomly picked 150 genes from the Stem Cell Data Base (http://stemcell.princeton.edu/) which contains a large collection of B6 stem cell specific transcripts 31 . We found no evidence of clustering in this dataset (data not shown), reinforcing the notion that it is the genetic difference between the two strains that causes the clustering. Also, the extent of overrepresentation of chromosome 11 transcripts cannot be attributed to a potentially increased gene density on this chromosome 32 .
Most fundamental to our studies is the issue of how variation in progenitor cell proliferation is induced. Two alternative hypotheses can be provided. First, allelic variation of one of the genes in the Scp2 interval may confer the cell cycling trait. does not result from a single gene, but rather is the consequence of variable expression of a collection of highly linked genes in stem cells from both parental strains. Genotypeindependent phenotypic variability (i.e reduced penetrance) in the N2, but particularly in the more homogenous N6 generation, would be explained by such a model. The fact that the Scp2 gene cluster occurs in a genomic interval in which meiotic recombination is suppressed, implies that the cluster is transmitted to the next generation in its entirety. It is therefore tempting to speculate that the strong linkage disequilibrium points to a functional interdependence of genes within the cluster 35 . Interestingly, several studies have recently documented findings in other model systems that are reminiscent of the data that we show here. First, Caron et al. showed that in the human genome gene expression occurs in highly localized "ridges" 36 . In addition, suppression of recombination over a large segment has been reported for the cytokine cluster on human chromosome 5q 37 , a region that has shown strong linkage to various immunological quantitative traits 38, 39 . Intriguingly, the human cytokine cluster is homologous to a segment of mouse chromosome 11 at ~30cM, co-localizing with one of the clusters we report here. Very similarly, an extreme degree of long-range linkage disequilibrium has been reported for a locus on human chromosome 17q21, containing BRCA1 40 . Again, this segment is homologous to the most telomeric cluster (~60cM) we report here.
Collectively these data indicate that the selective forces that result in effective recombination suppression have been conserved in human and mouse.
It has generally been assumed that the heritable component of quantitative traits result from additive and epistatic interactions of multiple loci, each locus containing a single mutated gene 16, 20 . In this respect it is interesting to note that in our study a number of DBA-derived genes showed a B6-like expression pattern in the B6.DBA Scp2 congenic animals (e.g. Zfp147, Mm.4973). This confirms the presence of specific modifying loci in the B6 genome that may prevent the penetrance of a bona fide QTL. Loss of the expected phenotype in congenic mice has repeatedly been observed 41, 42 .
It has been notoriously difficult to identify genes underlying QTLs 17, 43 . Our studies suggest a novel concept which may explain the difficulty of associating individual genes with quantitative traits. Variation at a specific locus may result in altered basal expression of many genes in this region and it is only in the context of the expression pattern of neighbouring genes that biological variation is induced. We speculate that the model we put forward may also apply to certain tumorigenic chromosomal abberations (translocations, deletions, insertions, inversions) in which the altered chromosomal structure affects the expression of a large number of adjacent genes that collectively induce a (subtle) growth advantage. 
